The aim of this study is to investigate the conditions for the removal of manganese ions from synthetic groundwater by oxidation using KMnO 4 to keep the concentration below the allowed level (0.05 mg/L). The process includes low-level aeration and addition of KMnO 4 in a Jar test system with Mn 2 + concentration of 0.50 mg/L, similar to that of natural groundwater in Taiwan.
water at concentrations above 0.10 mg/L is unconsidered for public consumers. Moreover, the impact of excessive amount of Mn 2 þ ions in groundwater may become serious while their exposition to air or oxygenic substances. Mn 2 þ ions exposed to oxygen may form MnO 2 precipitations that can stain household utensils and clothes, or cause undesirable taste in drinking water.
Several methods have been applied to the treatments of manganese-contaminated groundwater, including biological, physical and chemical processes. Biological treatment is fundamentally a filtration process that takes advantages in their oxidation abilities of certain bacteria and their capabilities to assimilate manganese ions. The process involved oxidation phenomena illustrates that the oxidized manganese is deposited as MnO 2 layer and further acts as a catalyst for oxidation of Mn 2 þ ions by dissolved oxygen (Stembal et al. 2004; Pacini et al. 2005; Tekerlekopoulou & Vayenas 2007; Burger et al. 2008; Tekerlekopoulou & Vayenas 2008) . However, longer retention time of MnO 2 and biofilm formation is considered as the major disadvantage (Stembal et al. 2005) . Moreover, adsorption using granular activated carbon to remove Mn 2 þ ions is categorized as physical treatment ( Jusoh et al. 2005; Okoniewska et al. 2008; Mondal et al. 2008) . This operation usually needs frequent regeneration of active carbon or replacement of the carbon column to maintain high efficiency (Senior 1995) . Chemical oxidation is another common method, which is very effective in treating the wastewater contaminated by both volatile and non-volatile compounds. For the purpose of producing safe drinking water quality for human consumption, it is essential to select correct chemical oxidants in the treatment process. Indeed, the major environmental consideration is addressed by using chlorine dioxide (ClO 2 ) as oxidants, which can react with some organic compounds to generate toxic trihalomethanes.
Therefore, some studies have selected potassium permanganate (KMnO 4 ) as oxidants for manganese oxidation.
The majority consideration is due to its non-toxicity and easy to control. The KMnO 4 as oxidants is evidenced that there is no effect to organic compounds and produce no trihalomethanes (Crittenden et al. 2005) . In addition, KMnO 4 also assists in removing undesirable tastes and odors from water to generate nontoxic by-products, including CO 2 , H 2 O, and MnO 2 (Lehr et al. 2002) .
The oxidation reaction of Mn 2 þ ions by KMnO 4 is displayed in Equation (1) (Hendricks 2006) .
The primary control parameter for this oxidation is pH owing to its direct influence to the redox potential in the system. As shown in Equation (2), the reduction half-reaction of permanganate under acidic conditions is pH-dependent (Weast 1990) .
Under the neutral, weakly acidic or basic conditions, the reduction half-reaction can be written as:
Based on Equation (1) (Roccaro et al. 2007; Buamah et al. 2008; Crimi & Ko 2009) .
The shape of the active oxide flocs depends on the pH and oxidation reduction potential (ORP), where the chemical species tend to acquire electrons and thereby are reduced (Crittenden et al. 2005) . In general, the overall redox potential in aqueous solution increases while pH decreases (Takeno 2005) . Therefore, the control of pH throughout the manganese oxidation is necessary.
In previous researches, MnO 2 is evidenced as a strong oxidant in removing heavy metals such as As, Pb, Ni, Zn, Cd (Nelson et al. 2002; Turner et al. 2008; Jimenez-Cedillo et al. 2009; Zhang et al. 2009 (Driehaus et al. 1995) . 
MATERIALS AND METHODS

Materials
Deionized water with resistivity of 18.90 MV was produced by Ruda Ultrapure Water system. Based on their original sources, chemicals used in this study were categorized as following: MnCl 2 z4H 2 O, NaHCO 3 , Na 2 SO 4 , HNO 3 , HCl, KCl and NaOH were obtained from Merck, Germany.
KMnO 4 were obtained from J. T. Baker, U.S.A. NaCl were obtained from Taiyen Biotech, Taiwan.
Experimental methods
Deionized water was applied in the preparation of all A solution of HNO 3 with concentration at 1:50 ratio (volume of acid and sample) was used to dissolve any manganese oxide suspension before elemental analysis.
Batch study
Experiments were performed using a standard Jar test system with dimension of 11.5 £ 11.5 £ 21.0 cm. The 
RESULTS AND DISCUSSION
Effects of aeration-pH
The experimental results of Mn 2 þ ions removal by aeration and sedimentation from synthetic groundwater with an initial concentration of Mn 2 þ ions at 0.5 mg/L and pH values from 6.0 to 9.0 were investigated, shown as Figure 2 .
The removal efficiency of Mn 2 þ ions was improved under the increasing pH values. The highest removal efficiency was approved at pH ¼ 9.0 (Figure 2a ). Although the ORP values were more than 400 mV at lower pH values, 6.0 and 7.0 (Figure 2b) , the removal efficiencies were not as powerful as solution condition at pH ¼ 9.0. The formation of MnO 2 particles was more favorable with increasing pH values than ORP values. Moreover, Kaya et al. 2005 has reported that the oxidation of Mn 2 þ ions by air reached only about 70% even at pH ¼ 11.0, when the initial concentration of Mn 2 þ ions was 25 mg/L. Therefore, to reach the goal of high removal efficiency in manganese, an effective oxidant is necessary to conduct the following tests. Potassium permanganate (KMnO 4 ) knowing as a famous chemical in oxidation reactions was selected as an oxidant to improve the removal efficiency of Mn 2 þ ions in this study.
Considering the typical pH ranges of drinking water, the synthetic groundwater sample was evaluated at pH ¼ 6.0 to 9.0. The oxidation and sedimentation results of Mn 2 þ ions removal by KMnO 4 at pH ¼ 6.0 to 9.0 was shown as Takeno has indicated that the required ORP value to form MnO 2 at pH ¼ 6.0 was at least from 800 to 1020 mV (Takeno 2005) . increased from 1.0 to 500 mm, which indicated that the higher potential to removal Mn 2 þ ions from water at higher pH values after using the following processes:
sedimentation and filtration.
Effects of oxidant dose
The it illustrated no increase on the ORP values. However, as illustrated in Figure 5 , similar resulted was confirmed at process in Taiwan usually applied only chemical oxidation and filtration processes. The previous operation system was insufficient for some treatment plants in Taiwan. Thus, the optimum operation conditions obtained in this study is essential to support the current treatment process with its inherent practical advantages. 
Characterization of the precipitate
